ABSTRACT: Soft-sediment macrobenthos data for the Norwegian continental shelf (61°N, 1 to 2°E) was used to examine species distributions, community structure and community differences, and how different measures of biodiversity are related to environmental variability. Water depth at 35 sites ranged from 115 to 331 m over a spatial sampling scale of ca. 45 km × 60 km, and there was considerable variation in sediment characteristics. Of a total of 508 recorded species, 39% were restricted to 1 or 2 sites, whereas only 3 species spanned the entire sampling area. Polychaetes were the most common and widespread taxonomic group; crustaceans and echinoderms were more restricted in their distributions than the other dominant groups. Whittaker's beta diversity measure ( β W , extent of change in species composition among sites) was highest for those groups with the highest proportion of restricted-range species. The number of shared species, the complementarity (biotic distinctness), and the Bray-Curtis similarity between all pairwise combinations of sites (3 beta diversity measures) were more strongly related to change in environment (notably depth, followed by median grain size and silt-clay content) than to spatial distance between sites. Likewise, a multivariate analysis (BIO-ENV) identified these factors as the major environmental variables influencing the faunal patterns, whereas univariate measures of diversity were not related to depth or median grain size. Univariate measures of diversity, beta diversity measures, and BIO-ENV analyses showed that molluscs, followed by polychaetes, were most highly related to environmental variables. In this study, alpha, beta and gamma diversity were higher than in a study of a single soft-sediment habitat type in the southern part of the Norwegian continental shelf.
INTRODUCTION
In recent years, biological diversity has received increased interest. Most studies relate to terrestrial systems, and knowledge of marine biodiversity lags far behind that of land systems. Oceans cover about 70% of the earth, and sedimentary habitats cover most of the ocean bottom (Snelgrove et al. 1997) . The macrobenthos in marine sediments play important roles in ecosystem processes such as nutrient cycling, pollutant metabolism, dispersion and burial, and in secondary production (Snelgrove 1998) . It is therefore important to improve our understanding of biodiversity in marine sediments. Marine systems differ from terrestrial systems in a number of ways, and paradigms concerning terrestrial patterns of biodiversity may not be applicable to marine situations (May 1994 , Gray 1997 , Heip et al. 1998 ). Many benthic species have pelagic larvae that remain floating in the water for days or months, and since unlike most terrestrial systems, barriers to dispersal are relatively weak, many species may dis-perse over much broader ranges than on land. Subtidally, where sediments tend to grade into each other, the boundaries are less distinct than on land and the extent of a habitat or assemblage often cannot be determined (Gray 2000) . Coastal marine benthic communities are threatened by human activities, and the present rate of habitat degradation is alarming (Gray 1997 , Snelgrove et al. 1997 . Given that only a small fraction of the benthic organisms that reside on or are buried in sediments have been described, it is likely that species are being lost without ecologists knowing they existed (Snelgrove 1998 (Snelgrove , 1999 .
The number of species has been the traditional measure of biodiversity in ecology and conservation, but the abstract concept of biodiversity as the 'variety of life' (Gaston 1996) cannot be encompassed by a single measure (Harper & Hawksworth 1994 , Heywood & Watson 1995 , Warwick & Clarke 1995 . Local richness and biotic differences are positive components of biodiversity, whereas biotic similarity is negatively related to overall biodiversity (Colwell & Coddington 1994) . Ellingsen (2001) evaluated different measures of marine biodiversity, and suggested that, in addition to species diversity, distributions of species and community differences should be taken into account when measuring marine biodiversity and planning conservation areas.
There is no single correct scale at which ecosystems can be described; patterns and variability are likely to change with scale (Levin 1992 , Thrush et al. 1997 , Ward et al. 1998 . Existing biodiversity studies are uneven in terms of spatial scales, sampling methods and effort, as well as statistical analysis, thus making comparisons difficult between data from different studies. Whittaker (1960) pioneered the partitioning of species diversity into alpha (α), beta ( β) and gamma (γ) components. Following Whittaker, a sample or site is typically, as in this study, used to describe α diversity (local scale), whereas γ diversity is computed by merging a number of samples over a larger and frequently entirely arbitrary spatial scale. Most marine surveys have been carried out on small scales, and although data from large areas exist (e.g. from monitoring surveys of the oil and gas industry in the North Sea), they have as yet seldom been used in a context of measuring biodiversity at larger scales. Beta diversity is based on ratios or differences and is not related to spatial scales (Whittaker 1972) . Although there have been a number of studies of α diversity in marine systems, investigations of β diversity have been few (Gray 2000) . Among taxa, β diversity may be expected to be highest in those with the most restricted ranges and specialised habitats, whereas within taxa, β diversity may increase with the environmental dissimilarity between sites (Harrison et al. 1992) . Interactions between β diversity-distance and β diversity-habitat change are also ecologically interesting (Harrison et al. 1992 ), but as yet few studies have been undertaken with marine data (but see Price et al. 1999 and Clarke & Lidgard 2000) . In marine softbottom studies, multivariate methods have proven much more sensitive to small changes in faunal composition than univariate methods (Gray et al. 1990 , Warwick & Clarke 1991 , 1993 . A multivariate measure of β diversity would therefore be expected to provide more information than univariate measures.
Over the last few decades, the relationship between the distribution and diversity of soft-sediment species and the sediments in which they reside have been the subject of numerous studies (see e.g. Sanders 1968 , Gray 1974 , Rhoads 1974 , Whitlatch 1981 , Etter & Grassle 1992 , Snelgrove & Butman 1994 . Sediment grain size, organic content, microbial content, food abundance as well as water depth are among the factors that have been related to community structure. One question that arises is how different measures of biodiversity are related to environmental variables within a given latitudinal area. Multivariate measures of biodiversity would be expected to have closer relationships to environmental variables than univariate measures. Heterogeneous sediments, with more potential niches, seem to have a higher diversity than homogeneous sediments (e.g. Gray 1974 ). Thus, different measures of biodiversity would be expected to vary with different levels of environmental variability. The present paper concerns the spatial patterns of the fauna in relation to environmental variability.
The present study used soft-sediment macrobenthos data from the Norwegian continental shelf (61°N, 1 to 2°E). The area was chosen in order to study distributions of species, and community structure and differences over a rather large area (45 × 60 km) covering a range of depths (115 to 331 m) and sediment characteristics (median grain size, Mdϕ: 0.35 to 6.09) (i.e. the area probably consists of several soft-sediment habitats). The distribution of the species range size for the 4 dominant taxonomic groups of the soft-sediment communities (polychaetes, molluscs, crustaceans, and echinoderms) was investigated, and a comparison made of Whittaker's (1960 Whittaker's ( , 1972 beta diversity measure ( β W ) between these groups. The number of shared species, complementarity (biotic distinctness) (Colwell & Coddington 1994 ) and the Bray-Curtis similarity (Bray & Curtis 1957) between all pairwise combinations of sites are related to spatial distance and changes in environmental variables and used as further measures of β diversity. The data are analysed with methods similar to those used in Ellingsen's (2001) study in a single soft-sediment habitat type on the southern part of the Norwegian continental shelf (56 to 57°N) in order to compare these 2 data sets. The main objective of this study was to examine the relationships between different measures of biodiversity and environmental variability over relatively large spatial scales.
MATERIALS AND METHODS
The data were collected in May-June 1996 on the Norwegian continental shelf as part of a routine environmental monitoring survey of the effects of oil and gas industry on the seabed. The Norwegian Pollution Control Authority (SFT) has divided the Norwegian continental shelf into 'regions', based on the localisation of installations, of which this data set is from Region IV. Whilst most continental shelves have a depth limit of about 200 m, this is not so for the Norwegian shelf, where there are deeper areas in the Norwegian Trench (which runs parallel to the Norwegian coast) and in the Skagerrak. Total sampling coverage spanned ca 60 km in a south-north direction and ca 45 km from east to west (61°01' to 61°31' N, 1°48' to 2°38' E: Fig. 1 ). Water depth at 35 sites in the study area ranged from 115 to 331 m, and there was considerable variation in median grain size (Mdϕ range: 0.35 to 6.09) and silt-clay content (0 to 62%) among sites (see Table 1 ). Generally, the deeper north-eastern part of the study area (in the Norwegian Trench) had finer sediments with a higher content of total organic matter than the shallower southwestern part.
The positioning equipment comprised a differential Global Positioning System. Physical, chemical and biological samples were collected with a 0.1 m 2 van Veen grab. At each site, 3 grabs were taken for analyses of sediment variables. Sub-samples were taken from the upper 5 cm of 1 grab for analyses of median grain size, sorting, skewness and total organic matter, and from the upper 1 cm of 3 grabs for analyses of metals and hydrocarbons. Five additional replicates were taken at each site for analyses of benthic macrofauna. Biological samples were washed through a 1 mm diam. round-hole sieve, and the retained fauna were fixed in formalin for later identification to the lowest practical taxonomic level. Additional details of sampling and analyses are given in Jensen et al. (1997) .
Faunal groups not properly sampled by the methods used, such as Nematoda, Foraminifera and inhabitants of hard substrata such as Bryozoa and Porifera, were not included in the data analyses. Likewise, juveniles were excluded, and unidentified species were not included if they could be mistaken for identified species. In soft-sediment studies a single grab, covering only 0.1 m 2 , is known to sample only a small fraction of the species at a site because of small-scale spatial variation. Furthermore, the variability among grabs taken from a single site is known to be high. Pooling data across grabs evens out the high variability among them and gives a more representative picture of the community structure at a site. Data analyses were therefore done on species abundance data pooled over 5 replicate grabs from each site. Only data from sites uncontaminated by oil or gas activities were used. For each field these sites were identified by univariate (S, N, expH', 1/SI) and multivariate (CLUSTER, MDS) analyses of faunal data, as well as measured concentrations of metals and hydrocarbons (results not given here: see description of methods in the following paragraphs). The resulting 160 uncontaminated sites (Fig. 1) were not sampled with the present study in mind. For the present study, 35 sites from the whole study area were therefore selected, based on geographic localisation, in order to distribute the sites evenly through the area (i.e. the distances between adjacent sites should be as similar as possible, see Fig. 1 ). This data set of 35 sites was used in the following analyses if not stated otherwise.
As univariate measures of diversity species richness (S), the exponentiated form of the Shannon-Wiener index (expH ') (log base 2) and the reciprocal of Simpson's index (1/SI) were used (see e.g. Whittaker 1972 , Hill 1973 , Magurran 1988 . Here I follow Peet (1974) in calling expH ' and 1/SI 'heterogeneity diversity'. Labelling of species restricted to a single site 'uniques', species occurring at exactly 2 sites only 'duplicates', species represented by a single individual 'singletons', (1994) . The non-parametric Chao2 method (Chao 1987 , Colwell & Coddington 1994 ) was used to estimate the true species richness. Here Chao2 = S obs + (Q 1 2 /2Q 2 ), where S obs is the number of species observed in all samples pooled and Q 1 and Q 2 are the frequency of uniques and duplicates, respectively.
Beta diversity is the extent of change in species composition of communities among the samples of a data set or along a gradient (Whittaker 1975 ). Whittaker's (1960 Whittaker's ( , 1972 
was used. Here γ is the total number of species in the whole sampling area, -α is the average number of species per individual sample, and 1 sample or site is the sum of 5 grabs (α diversity). This measures the proportion by which the whole area is richer than the average sites within it. Beta diversity has been measured in many different ways (discussed by Magurran 1988), but Wilson & Shmida (1984) state that β W is perhaps the most widely used measure of β diversity. The number of species shared for each possible pair of samples j and k (V jk ) was used as a second measure of β diversity.
As a third measure of β diversity the biotic distinctness, or 'complementarity' (C jk ) (Colwell & Coddington 1994) , between all pairwise combinations of sites was used. Here complementarity between 2 sites is the total number of unshared species divided by the total species richness for the 2 sites, ranging from 0 (identical samples) to 100% (completely distinct). Finally, a similarity matrix was constructed using square-root transformation and the Bray-Curtis coefficient (Bray & Curtis 1957) , and the similarity between all pairwise permutations of sites was used as a fourth measure of β diversity.
Hierarchical, agglomerative classification (CLUSTER), employing group-average linking (e.g. Clifford & Stephenson 1975) and ordination by nonmetric multidimensional scaling (MDS) based on the Bray-Curtis similarity matrix (e.g. Kruskal & Wish 1978 , Clarke & Green 1988 was used. The species making the greatest contribution to the division of sites into clusters were determined using the similarity percentages procedure SIM-PER (Clarke 1993) . Relationships between faunal pattern (Bray-Curtis similarity matrix) and different subsets of environmental variables (matrices computed using normalised Euclidean distance) were examined using the BIO-ENV procedure (Clarke & Ainsworth 1993) . The above univariate and multivariate measurements are im- plemented in the PRIMER package, described in Clarke & Warwick (1994) , and Chao2, V jk and C jk are included in the EstimateS software (Version 5, R. K. Colwell 1997, available at http://viceroy.eeb. uconn.edu/estimates). Geographic distances in kilometres were computed between all pairwise combinations of sites, using the R package (Legendre & Vaudor 1991) .
RESULTS

Alpha and gamma diversity
Sample species richness (S) was highly variable (range 56 to 131), but 22 out of 35 sites contained more than 100 species (Table 1) . Polychaetes displayed higher local species richness than the other dominant taxonomic groups (Fig. 2a) . The heterogeneity diversity (ExpH' and 1/SI) of the dominant groups was also highly variable ( Fig. 2b,c) . Polychaetes displayed the highest heterogeneity diversity, with the exception of some sites with a high local abundance of the polychaetes Euchone incolor, Myriochele oculata, Amythasides macroglossus and Owenia fusiformis (Table 2) . Site 30 had the highest species richness; however, as E. incolor was represented by as many as 1332 individuals (42.4%) at this site, the heterogeneity diversity was among the lowest recorded (Table 1) . A number of environmental variables were strongly positively related to each other, especially depth to median grain size and latitude, and silt-clay content to sorting and total organic matter (Table 3) . Species richness for all taxa pooled was significantly correlated with a range of environmental variables, notably sediment skewness and total organic matter, but not with depth or median grain size (Table 3) . Local heterogeneity diversity showed no significant relationship to measured environmental factors (Table 3) . Relationships between environmental variables and univariate measures of diversity varied between the dominant taxonomic groups (Table 3) . Generally, molluscs were most highly correlated with environmental factors, notably skewness, siltclay content and sorting, and only molluscs were related to depth and median grain size. Polychaetes had higher relationships with environmental variables than crustaceans and echinoderms.
The total number of species observed was 508, whereas the Chao2 estimate of true species richness gave 627 ± 28 (mean ± SD). These estimates showed little sign of approaching asymptotic values (Fig. 3) . The polychaetes (250 species) constituted 49% of the total number of species, whereas the molluscs (109 species), crustaceans (95 species), and echinoderms (26 species) comprised 21, 19 and 5%, respectively (Fig. 4) . The total number of individuals was 35 376.
Abundance and species range sizes
Maximum dominance of a single species across the whole data set was 9.9% (for Euchone incolor), and the tenth most dominant species comprised 2.0% (Table 4 ). The cumulative dominance of the 10 most abundant species in the area was 44.3%. Maximum dominance within a site ranged from 7.0 to 42.4%. Local abundance of E. incolor was positively related to a range of environmental variables, notably siltclay content, median grain size and depth (Table 3) . Conversely, abundance of the mollusc Limatula subauriculata (fourth most abundant species: see Table 4 ) and Owenia fusiformis (fifth) was negatively correlated with a number of environmental variables, notably median grain size and depth, respectively ( Table 3 ). The local abundance of Myriochele oculata (second most abundant) and Amythasides macroglossus (third) showed no relationship to measured environmental factors (Table 3) . Species range size within the study area was positively related to local abundance of the dominant taxonomic groups (Table 5) . Only 3 species spanned the whole sampling area of 35 sites, 5 species were represented at all but 1 site, and 1 was found at all but 2 sites (Fig. 5) . These widespread species, dominated by polychaetes, were among the 19 most abundant. Conversely, 129 species, or 25% of the total number of species, were uniques (restricted to a single site), and 70 species (14%) were restricted to only 2 sites (duplicates; Fig. 5 ). The uniques had low abundances: 106 species (82%) were singletons (only 1 individual at a site) and 14 species (11%) were doubletons (2 individuals). Only 23% of the total number of polychaetes were found at 1 single site; 26% of the mol- Range size is the number of sites occupied by a species out of a total of 35 sites (cf. Fig. 1 1  46  19  0  2  0  26  2  20  0  11  4  162  18  21  1  8  6  238  10  22  19  57  5  3  23  23  114  55  286  0  6  24  5  15  18  0  1  25  199  161  241  1  1  26  421  969  287  0  36  27  295  42  355  0  9  28  206  161  294  0  2  29  52  8  16  0  0  30  1332*  10  100  2  1  31  113  11  29  0  0  32  62  4  0  0  158  33  92  30  0  0  0  34  159  2  10  0  0  35  259  38  0  0  0 luscs were uniques; whereas up to 31% of both the crustaceans and echinoderms were uniques. There was a positive correlation between local species richness and singletons (Spearman's R s = 0.69, p < 0.001, n = 35) and uniques (R s = 0.44, p = 0.007, n = 35), although the latter explained less of the variance. The number of singletons and the number of uniques per site were positively correlated (R s = 0.49, p = 0.003, n = 35), but neither was related to measured environmental variables (Table 3) .
Beta diversity
Whittaker's β W varied between the dominant taxonomic groups, and was highest for crustaceans (6.5), followed by echinoderms (5.5), molluscs (4.6) and polychaetes (3.2), whereas β W for all taxonomic groups pooled was 4.0 (Fig. 6) . Cumulative β W for crustaceans and echinoderms increased markedly when the 13 deepest sites (Table 1) were included, whereas β W for polychaetes and molluscs did not (Fig. 6) . Twenty-six percent of the crustaceans (25 species) and 23% of the echinoderms (5 species) were only found at these deeper sites, whereas the relative proportions of new molluscs (19 species) and polychaetes (34 species) in this deeper area were lower (17 and 14%, respectively). For all pairwise combinations of sites the number of shared species varied between 17 and 84, the complementarity values showed highly variable levels of distinctness (44 to 90%), and the Bray-Curtis similarities ranged from 14 to 74% (Fig. 7) . These measures of β diversity were closely related to change in environmental variables, notably depth (Fig. 7) , followed by median grain size and silt-clay content, whereas, surprisingly, spatial distance between sites showed a lower relationship (Table 6a) . Thus, sites located at the same depth (or with similar median grain size or siltclay content) shared significantly more species, had lower biotic distinctness and were more similar on average than sites located at different depths (or with different median grain size or silt-clay content). The Bray-Curtis similarity, followed by the complementarity, was in general more related to environmental variables than the number of shared species. Relationships between β diversity and change in environmental variables varied between taxonomic groups (Table 6a ). Generally, β diversity measures for molluscs were closely related to environmental variables, notably depth and median grain size, and polychaetes were more closely related to environmental factors than crustaceans and echinoderms. Based on only the 17 shallowest sites (i.e. depth differences ≤ 45 m), where the variability in sediment characteristics was smaller than in the whole area (see Table 1 ), the relationships between β diversity and environmental variables were either weak or not significant (Table 6a) . 
Faunal assemblages in space
Clustering, based on Bray-Curtis similarities from square-root-transformed abundances, took place over a wide range of similarities, and the MDS-ordination shows that the faunal patterns changed across the study area (Figs. 1 & 8) . The multivariate analyses gave additional information to the univariate measures of community structure. Three main groups were identified (Groups A to C), although the average similarity within each group was low (52, 50 and 48%, respectively). Group A comprised 12 of the 13 deepest sites in the area, of which the 7 deepest sites (range 298 to 331 m) were separated as a subgroup (A1). Groups B and C comprised sites that were relatively widely separated both geographically and in terms of depth. Site Nos. 19 and 7 were separated from Groups B and C, respectively. These sites had the lowest number of species and individuals in the study area (Table 1) . Euchone incolor and Amythasides macroglossus were the most dominant species within Group A and Limatula subauriculata within B, whereas Owenia fusiformis and Myriochele oculata had the highest average abundance in C. These dominant species (Table 2) also contributed much to the dissimilarities between the 3 main groups.
The rank correlations between single environmental factors and square-root-transformed abundance data (BIO-ENV analysis) ranged from 0.03 to 0.69 (Table 7) . Water depth showed the highest degree of correlation with the faunal composition, followed by median grain size and silt-clay content. The subset of environmental variables which best 'explained' the faunal patterns includes depth, median grain size and silt-clay content (R s = 0.76). Relationships between environmental vari- Table 7 . Summary of results from BIO-ENV analyses of 35 sites for all taxa pooled and for the dominant taxonomic groups, and for Groups B and C from the cluster analysis (23 sites, cf. Fig. 8a ). Spearman rank correlations (R s ) between biotic and abiotic similarity matrices, with highest correlations in bold face. Lower correlations are omitted from the table. Biotic data square-roottransformed, abiotic data log (1 + n) transformed with the exception of latitude, longitude and depth. Mdϕ: median grain size; Siltclay: fraction of sediment < 0.063 mm (%); TOM: total organic matter (%); Sk I : skewness; σ I : sorting; Lat: latitude; Long: longitude ables and faunal patterns varied between the dominant taxonomic groups (Table 7) . The patterns of molluscs, followed by polychaetes, were more strongly related to subsets of environmental factors than crustaceans and echinoderms, and depth and median grain size showed the highest degree of correlation with the faunal patterns. Based on only Groups B and C from the clustering (i.e. less environmental variability than for the whole area; see Fig 8 and Table 1 ) the relationships between individual environmental factors and biotic patterns were weaker (R s : -0.02 to 0.25: Table 7 ). The correlations between the faunal composition and different subsets of environmental factors were also low for this data set (R s ≤ 0.32: Table 7) .
DISCUSSION
Alpha and gamma diversity
In this study, covering 2700 km 2 , 22 of 35 sites contained more than 100 species, whereas in a single softsediment habitat type, covering 9100 km 2 , in the southern part of the Norwegian continental shelf, Ellingsen (2001) found that the highest local (0.5 m 2 ) richness was 81 species. The total richness in the present study was 508 species and the number of individuals 35 376. Ellingsen found that 16 sites comprised 175 species and 9243 individuals. For a similar number of individuals (9684) in this study, 10 sites provided 343 species, whereas 16 sites comprised 404 species and 16 247 individuals (based on 50 randomisations). Thus, both α and γ diversity increased with increasing environmental variability, and the largest area was not richer than the other area. According to Rosenzweig (1995) , the greater the habitat variety, the greater the species diversity.
The polychaete Euchone incolor (Sabellidae), which had the highest dominance across the whole area, was represented by as much as 1332 individuals at Site 30, and the heterogeneity diversity at this site was therefore among the lowest. The fact that this site also had the highest species richness (131 species) suggests that 'tube lawns' of polychaetes may have positive influence on benthic ecosystems, presumably by increasing sediment heterogeneity. Furthermore, these data show that no single measure can describe α diversity.
Univariate diversity measures of molluscs, followed by polychaetes, were generally more highly correlated with environmental variables than the other dominant taxonomic groups, and only molluscs were related to depth and median grain size. In a field manipulation experiment, Wu & Shin (1997) found that bivalves and gastropods exhibited preference in their colonisation for sand or mud, whereas polychaetes and amphipods did not.
Neither the species accumulation curve nor the Chao2 estimate of true species richness reached asymptotic values, and the Chao2 value was almost certainly an underestimate. The number of slightly different patches will increase with increasing sampling area in soft sediments because of small-scale spatial variability, and species accumulation curves are therefore unlikely to reach asymptotic values. Ellingsen (2001) found that even in a relatively uniform soft-sediment habitat (16 sites) these estimates showed no sign of stabilising towards asymptotes. For the present study area none of the estimates Chao1, Jackknife1 and Jackknife2 (Colwell & Coddington 1994) reached asymptotic values (data not shown). In a terrestrial study involving 34 species, Colwell & Coddington (1994) showed that as few as 12 samples provided a useful Chao2 estimate, and Jackknife2 gave the second-best estimate. Differences between Colwell & Coddington's data and the present study may be due to the different number of species involved in the studies. Differences between marine and terrestrial studies may also be due to methodology and what constitutes a sample in the respective environments (Paterson et al. 1998) . Furthermore, species of low local abundance, regardless of the number of sites at which they occur, have a low probability of being recorded (Brown 1984 , Gaston 1994 . With insufficient sampling intensity, species may appear to occur at fewer sites and/or have lower abundance.
Distributions of species
The finding, in this study, that common species were widely spatially distributed, whereas species of low abundance had strongly compressed range sizes, holds true for many different groups of species over a variety of habitat types and spatial scales and appears to be general (Brown 1984) . Polychaetes were the most common taxonomic group and had the highest proportion of widespread species, whereas crustaceans and echinoderms were more restricted in their distributions than the other dominant groups. Moreover, the group of restricted-range species (uniques and duplicates) comprised a significant fraction of the benthos (39%). As Ellingsen (2001) found similar patterns in a relatively homogeneous habitat, the above findings may be general for marine benthos. Ellingsen (2001) showed that sites of high species richness were those rich in restricted-range species. This does not always hold true in marine systems (Schlacher et al. 1998) , and in the present study local species richness was only weakly related to the number of uniques. The selection of a limited number of species-rich areas will therefore not guarantee effective conservation of restricted-range species, because a large proportion of them may occur outside the species-rich areas. The loss of marine habitats caused by a variety of human activities is great in coastal areas. Species with restricted range and which occur in few habitats are usually the most vulnerable to environmental change (Thomas & Mallorie 1985) . The most effective way to conserve biodiversity is to prevent the conversion or degradation of habitats (Heywood & Watson 1995, p. 920) .
Beta diversity and relationships to range size, environmental variability and distance
Studies of β diversity gave much additional information to that of α and γ diversity. Whittaker's (1960 Whittaker's ( , 1972 beta diversity (β W ) was highest for crustaceans, followed by echinoderms, molluscs and polychaetes (range 3.2 to 6.5). Ellingsen (2001) found lower β W values (1.0 to 2.3) for these groups in a single habitat type. This suggests that within taxonomic groups β diversity will increase with increasing environmental dissimilarity between sites. β W was highest for those taxonomic groups with the highest proportion of restricted-range species, a relationship that was also found in Ellingsen's study. Cumulative β W for crustaceans and echinoderms increased significantly when the deepest sites in the study area were included (Fig. 6) , due to the fact that a relatively large proportion of these groups were found only at these deeper sites.
The number of shared species, complementarity, and the Bray-Curtis similarity between all pairwise permutations of sites showed that β diversity was higher in the present study than in Ellingsen's (2001) study. Moreover, the degree of faunal dissimilarity was highest in the present study. However, there are, as yet, few studies that can be used as a comparison, and we do not know enough about β diversity in the sea to decide what is a high value and what is a low value. Change in environment, notably depth followed by median grain size and silt-clay content, had a stronger effect on β diversity, especially Bray-Curtis similarity, than spatial distance between sites in this study. Likewise, a BIO-ENV analysis (Table 7) identified depth, median grain size and silt-clay content as the major environmental variables influencing the faunal patterns, whereas univariate measures of diversity were not related to depth or median grain size. However, the relationships to environmental variables were weaker with less environmental variability (i.e. when the deepest sites were excluded, see Tables 6b & 7) . Likewise, Ellingsen found weak relationships between environmental variables and faunal composition. Surprisingly, Schlacher et al. (1998) found no clear relationships between environmental factors and biotic assemblages in a coral lagoon even though there was considerable variation in sediment characteristics. Regardless of the strength of a relationship, correlations do not imply causality, and it is probable that factors other than those measured may have influenced the community structure. Biotic factors such as availability and abundance of benthic larvae/ adults may be more important than sediment characteristics in determining benthic settlement (Wu & Shin 1997) . No single mechanism has been able to explain faunal patterns observed across many different environments, and it seems likely that, at any given location, a number of different interacting factors will be involved (Snelgrove & Butman 1994 , Mackie et al. 1997 . The finding that β diversity measures of molluscs, followed by polychaetes, were more strongly related to environmental variables than crustaceans and echinoderms is in accordance with both the univariate measures of diversity and the BIO-ENV analyses (Tables 6a & 7) . Olsgard & Somerfield (2000) found that faunal patterns of polychaetes had stronger relationships to environmental variables than those of the other dominant taxonomic groups. Ellingsen (2001) showed that the Bray-Curtis similarity between all combinations of sites was weakly related to distance, whereas the number of shared species and the complementarity were independent of spatial distance. Likewise, in a study of soft-sediment fauna in a coral lagoon Schlacher et al. (1998) found that the number of shared species between all pairwise permutations of sites was low, but weakly correlated with distance. At a larger scale, Paterson et al. (1998) found in the Atlantic and Pacific that changes in polychaete composition (species turnover) was related to distance. Likewise, Clarke & Lidgard (2000) showed that bryozoan species turnover in the North Atlantic was a function of distance. However, distance between sites may be associated with differences in environmental variables, confounding the interpretation of distance effects (Harrison et al. 1992) . Price et al. (1999) found that β diversity for asteroids was highest in shelf regions and lowest in lower bathyal/abyssal regions in the Atlantic Ocean. They suggested that this finding reflected the greater heterogeneity of habitats and environmental conditions in coastal areas compared with deeper areas. However, the number of studies that have explored any patterns of β diversity is small (Gaston & Williams 1996) , and few marine β diversity studies have been undertaken as yet.
Conclusions
Polychaetes were the most common taxonomic group and had the highest proportion of widespread species, whereas crustaceans and echinoderms were more restricted in their distribution than the other dominant groups. Whittaker's (1960 Whittaker's ( , 1972 beta diversity (β W ) was highest for those taxonomic groups with the highest proportion of restricted-range species. Changes in environment (notably depth, followed by median grain size and silt-clay content) had a stronger effect on β diversity, especially Bray-Curtis similarity, than spatial distance between sites. Likewise, a multivariate analysis (BIO-ENV) identified these factors as the major environmental variables influencing the faunal patterns, whereas univariate measures of diversity were not related to depth or median grain size. Molluscs, followed by polychaetes, were more strongly related to environmental variables than crustaceans and echinoderms. As distributions of species, community differences and relationships to environmental variables varied between the dominant taxonomic groups, more than one group in a system should be studied. Local species richness, distributions of species, community structure and community differences varied greatly within the study area. As it is likely that community structure will vary within any latitudinal area, a comparison of only a few sites between areas may be insufficient.
In this study, alpha, beta and gamma diversity were higher than in Ellingsen's (2001) study of a single habitat type at the southern part of the Norwegian continental shelf. This suggests that measurement of marine biodiversity may be dependent on environmental variability. However, many more studies are needed before any generality can be attached to these findings. Habitat diversity, measured as diversity in environmental variables, may be useful as an indirect measure of biodiversity (Ward et al. 1998) . However, in soft-sediment studies, where one is usually sampling blind, spot grab or core samples may give a misleading concept of the spatial scales of different seabed types. New remote acoustic and visual techniques collect continuous data from large areas relatively quickly, and give additional information to traditional point-sampling. A knowledge of relationships between measures of biodiversity and different levels of environmental variability is needed to study latitudinal gradients in marine systems.
